BACKGROUND-Nitrosatable drugs can react with nitrite in the stomach to form N-nitroso compounds, and results from animal studies suggest that N-nitroso compounds are teratogens.
INTRODUCTION
Various N-nitroso compounds have been observed to be teratogenic in animal models and may cause abnormal development through DNA alkylation of target organs (Bochert et al., 1985) . In mice, defects associated with exposure to N-nitroso compounds have included exencephaly, cleft palate, (Platzek et al., 1983) , limb malformations (Bochert et al., 1985) , hydrocephalus, spina bifida, gastroschisis, and skeletal anomalies (Diwan, 1974) . In rats, maternal exposure to such compounds resulted in increased incidence of limb malformations, neural tube defects, microcephalus, and hydrocephalus (Koyama et al., 1970) . Frog embryos exposed to nitrosamines were noted to develop severe heart defects (Fort et al., 1991) . In hamsters, nitrosamines crossed the placental barrier (Alaoui-Jamali et al., 1989) , even at low doses (Jorquera et al., 1992) .
Exposure to N-nitroso compounds occurs from exogenous sources, such as cured meats and smoked fish (Lijinsky, 1999) , and through endogenous formation. Endogenous formation of N-nitroso compounds contributes approximately 45 to 75% of exposures to these compounds in humans (Tricker, 1997) , and their formation depends on precursors such as nitrate, nitrite, and secondary/tertiary amines and amides. Results from numerous experimental studies have indicated that N-nitroso compounds can be formed in vivo by the reaction of nitrosatable amines or amides with nitrosating agents, such as nitrite, in an acidic environment like that found in the stomach (Preussman, 1984) . From standard assays (Gillatt et al., 1984; Brambilla et al., 1985) and from simulated human gastric conditions (Ziebarth and Teichmann, 1980; Gillatt et al.,1985; Ohta et al., 1986; Sakai et al., 1984; Ziebarth et al., 1989) , a variety of prescription and over-the-counter drugs have been identified as having secondary or tertiary amine or amide groups in their molecular structure that can react with nitrite to form nitrosamines and nitrosamides. In these tests, drugs with secondary amine or amide groups had greater yields of N-nitroso compounds than drugs containing tertiary amine groups. Furthermore, nitrosation of drugs with tertiary amines or amides resulted in the production of known carcinogens. Estimates of nitrosatable drug exposure during pregnancy have varied, but a recent study of nitrosatable drug exposure among control-mothers in the National Birth Defects Prevention Study (NBDPS) indicated that exposures to these drugs were fairly common during the first trimester (Brender et al., 2011a) , with approximately 24% of NBDPS control-mothers taking one or more nitrosatable drugs during this period.
Although several studies examined associations between nitrosatable drug exposure and neural tube defects (Olshan and Faustman, 1989; Croen et al., 2001; Brender et al., 2004; Brender et al., 2011b) and craniosynostosis (Olshan and Faustman, 1989; Gardner et al., 1998; Kallen and Robert-Gnansia, 2005) , only one study to date has been published that specifically examined these exposures and musculoskeletal or cardiovascular defects (Olshan and Faustman, 1989) . Using data from the National Collaborative Perinatal Project, Olshan and Faustman (1989) noted that women who took any nitrosatable drugs during the first four months of pregnancy were slightly more likely to have offspring with musculoskeletal and cardiovascular malformations, but data for oral clefts or limb deficiencies were not presented.
The formation of nitrosamines in the presence of a nitrosatable compound will occur to a much greater extent if the nitrite concentration is high (Choi, 1985) , and nitrosatable compounds in combination with higher nitrite have been found to be more strongly associated with exencephaly and skeletal malformations in mice (Teramoto et al., 1980) and with neural tube defects in humans (Brender et al., 2004; Brender et al., 2011b) . In this study, we examined 1) the relation between prenatal exposure during the first trimester of pregnancy to drugs classified as nitrosatable secondary amines, tertiary amines, or amides and limb deficiencies, oral cleft, and heart malformations; and 2) whether estimated dietary intake of nitrate and nitrite (based on dietary consumption during the year before pregnancy) modified the associations between nitrosatable drug use during pregnancy and these selected groups of malformations.
MATERIALS AND METHODS

Study Population
To investigate the relation between nitrosatable drug use during the first trimester and the selected congenital malformations, we used data from the NBDPS, a population-based casecontrol study of congenital malformations in the United States. Since the study's inception in 1997, a total of ten sites (Arkansas, California, Georgia, Iowa, Massachusetts, New Jersey, New York, North Carolina, Texas, and Utah) have participated in the NBDPS. Case births are identified from each site's population-based, birth defect surveillance system (Yoon et al., 2001 ) among live births (all sites), stillbirths (all sites except New York from 1997 to 1999 and New Jersey), and elective terminations (all sites except Massachusetts, New Jersey, and New York from 1997 to 1999) (Cogswell et al., 2009 ). Case-births were ineligible to be included in the NBDPS if they were adopted, in foster care, or had a deceased mother.
Case classification is standardized for the NBDPS as described by Rasmussen et al. (2003) , and clinical information on potentially eligible cases are evaluated by a clinical geneticist at each study site and independently reviewed by one or more other clinical geneticists. Congenital malformations identified among case-births are further classified as multiple (more than one major malformation) or isolated (a single major malformation with or without minor malformations, a major malformation with other major malformations in the same organ system or body part, or a major malformation accompanied by other pathogenetically-related malformations) (Rasmussen et al., 2003) . Case-births with a documented chromosomal abnormality or single gene disorder are excluded from the NBDPS. In addition to case-infants being classified as having isolated or multiple malformations, heart malformations of case-infants are classified with respect to their complexity including simple malformations, associations, or complex malformations as described by Botto et al. (2007) . For the purposes of this study, we included case-births with oral cleft malformations (any/isolated), transverse and longitudinal limb deficiencies (any/ isolated), or heart malformations (examined by etiologic subgroups) and control-infants with estimated delivery dates (EDDs) from October 1, 1997 through December 31, 2005. The majority of eligible cases were live births (98.8%) with only 94 (0.8%) stillborn and 47 (0.4%) pregnancy terminations.
In the NBDPS, control-infants (live births without any major congenital malformations and whose mothers resided in the study area at delivery) were either randomly selected from live birth certificates (Arkansas [for EDDs 2001 to (Cogswell et al., 2009 ). Control-infants were not eligible if they had a major congenital malformation, were not residents of one of the geographic areas covered by the sites, were adopted or in foster care, had a deceased mother, or were stillborn (National Birth Defects Prevention Study Protocol, Centers for Disease Prevention, 2005) . The institutional review boards at each site and the Centers for Disease Control and Prevention approved the NBDPS study protocol, and the institutional review boards of Texas A&M University and the Texas Department of State Health Services also approved this project on nitrosatable drugs and birth defects.
Data Collection
After informed consent was obtained, NBDPS participants were interviewed either in English or Spanish by female interviewers using a computer-assisted telephone interview (Yoon et al., 2001) . The interview took about one hour to complete and included detailed questions regarding maternal health during the index pregnancy (including prescription and over-the-counter medications taken), diet (vitamin supplementation from three months before to the end of pregnancy, food consumption in the year before pregnancy and beverage consumption from three months before to the end of pregnancy), work characteristics, family demographics, and water use (Yoon et al., 2001) . Interviews were targeted for completion within 6 months after the EDD with a maximum time from EDD to interview of no more than 24 months but no earlier than 6 weeks after the EDD.
Classification of Nitrosatable Drugs
As part of the interview, NBDPS participants were questioned about prescription and nonprescription drugs taken (including dates taken) for specific illnesses and diseases and about specific products from three months prior to the estimated date of conception to the date of birth of the index pregnancy. Reported drugs were linked to their active ingredients with the use of the Slone Epidemiology Center Drug Dictionary system (Kelley et al., 2003) .
Methods used to classify drugs with respect to nitrosatability, functional groups, and indications have been discussed in detail in previous publications (Brender et al., 2011a,b) . Briefly, all reported orally administered prescription and non-prescription medications and their active ingredients were identified, cross-referenced against previously compiled lists of nitrosatable medicinal compounds (Brambilla and Martelli, 2007; McKean-Cowdin et al., 2003) and categorized based on the presence of amine (secondary, tertiary) and amide functional groups in their chemical structures. The structures of all remaining active ingredients were evaluated for the presence of amine and amide functional groups and checked for any additional published evidence of nitrosatability using Medline and Internet sources. Finally, each component was categorized by its primary indication or therapeutic use and pharmacologic class. For the purposes of this study, we focused on drugs reported as taken during the first trimester of pregnancy, and unexposed women were defined as those who did not report taking drugs classified as nitrosatable during this period. Complete data on nitrosatable drug use and covariates were available for 94.0 to 95.1% of the various case group and control participants.
Estimation of Dietary Intake of Nitrates and Nitrites
In the NBDPS, several portions of the questionnaire elicit information about dietary intake in the year before pregnancy including a 58-item food frequency questionnaire that was adapted from the short Willett food frequency questionnaire (Willett et al., 1985; Willett et al., 1987) and additional detailed questions about consumption of breakfast cereals from three months before to the end of pregnancy. From these sources of information, we estimated dietary intake of nitrate and nitrite in mg/day using methods described in detail elsewhere (Griesenbeck et al., 2009; Griesenbeck et al., 2010) . Briefly, 1) weighted means for nitrates and nitrites in mg/100 g were calculated for each food item based on the relevant literature; 2) the respective means were multiplied by the serving size in grams assigned to each food; 3) nitrates and nitrites in each serving size were multiplied by the number of servings per month; and 4) nitrates and nitrites across all food items were summed and then divided by 30 to obtain daily intake of dietary nitrate and nitrite in mg for each participant. In addition to dietary intake of nitrates and nitrites, an estimate of total dietary nitrites (exogenous sources and endogenously formed nitrites from conversion of nitrates to nitrites) was calculated by the method suggested by Choi (1985) , in which total daily nitrite = dietary nitrite intake + 5% of dietary nitrate intake. Dietary nitrite and total nitrite intakes were categorized into tertiles based on the control-mothers' distributions. Consistent with other dietary studies with the NBDPS population (Yang et al., 2008; Carmichael et al., 2010) , we excluded women with daily caloric intakes of less than 500 or more than 5000 kilocalories in analyses of nitrosatable drug exposure stratified by dietary nitrite and total nitrite. Complete data for any nitrosatable drug use stratified by total nitrite intake were available for 92.6 to 94.4% of participating case group and control mothers.
Data Analysis
In the final database developed for analysis, each record provided information on a unique mother-child pair. Logistic regression was used to estimate odds ratios (OR) for limb deficiencies, oral cleft malformations and heart malformations in relation to reported use of drugs during the first trimester that were classified as secondary amines, tertiary amines, or amides; each of these functional groups were analyzed separately. Women who did not report taking any drugs during the first trimester that were classified as nitrosatable served as the reference group in all analyses. For each major group of defects (limb deficiencies, oral cleft malformations, and heart malformations), covariates were selected in the logistic models based on their association with the specific malformation group and with maternal factors associated with nitrosatable drug use (study site, maternal race/ethnicity, education, age) as noted in a recent publication of factors related to nitrosatable drug use in NBDPS control mothers (Brender et al., 2011a) . In the interest of simplicity of displaying results, covariates were consistently included in the regression analyses for the various malformations under each major congenital malformation group. Covariates in the analyses of limb deficiencies included maternal age (< 18, 18-19, 20-24, 25-29, 30-34, 35 years or older), maternal race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, Asian/ Pacific Islander, other), maternal education (<12 years, 12 years, 13-15 years, >15 years), study site, and multivitamin supplementation during the first trimester (yes/no). Covariates in the oral cleft malformation analyses included the same demographic characteristics as for limb deficiencies, but also included any reported maternal smoking one month prior to conception through the first trimester (yes/no) and folic acid supplementation during the first trimester (yes/no). In logistic models for congenital heart malformations, maternal race/ ethnicity, education, study site, smoking status, and multivitamin use during the first trimester were included in all the models on the relation between maternal nitrosatable drug use and these malformations. Nitrosatable drug exposure was further stratified by tertiles of dietary nitrite and total nitrite, and the odds ratios in these analyses were also adjusted for total energy intake in addition to the aforementioned covariates. Because the patterns of results were mostly similar with stratification by dietary nitrite and total nitrite, we present the associations between nitrosatable drug exposure and birth defects stratified by total nitrite only.
Additive and multiplicative interaction was assessed for the associations of birth defects with nitrosatable drugs that appeared to vary by estimated daily intake of dietary nitrite/total nitrite. Additive interaction was examined with methods discussed by Andersson et al. (2005) in which the relative excess risk due to interaction (RERI) and the attributable proportion (AP) due to interaction were calculated along with their respective 95% confidence intervals. Significant additive interaction was considered present if either or both measures differed from zero and their 95% confidence intervals excluded zero.
To assess multiplicative interaction, the product terms of the nitrosatable drug functional groups with dietary nitrite and total nitrite were included in the logistic models. We examined the primary indications/pharmacologic classes of drugs contained in functional groups that were most strongly associated with birth defects among women with higher nitrite intake, The purpose of these analyses were to determine whether such associations were attributed to one or two drugs rather than a broader effect which would support the Nnitroso hypothesis.
RESULTS
NBDPS participants with EDDs during 1997-2005 included 741 mothers with babies with limb deficiencies, 2,774 with babies with oral clefts, 8,091 with babies with congenital heart malformations, and 6,807 control mothers with babies with no major congenital malformations. Maternal participation rates for limb deficiency cases, oral cleft cases, congenital heart malformation cases, and control births were respectively 69%, 74%, 69%, and 66%. On average, the time between EDD and interview was somewhat shorter for control mothers (9 months) than for case-mothers (11 months). Median time from EDD to interview was 10 months for mothers with babies with either limb deficiencies or heart malformations, 9 months for mothers with babies with oral clefts, and 8 months for controlmothers. Compared with control mothers, case mothers were more likely to be Hispanic if they had babies with limb deficiencies, less likely to be non-Hispanic black if they had babies with oral clefts, somewhat less educated (across all defect categories examined), and more likely to have smoked in early pregnancy, especially if they had babies with oral clefts (Table 1) . Similar proportions (ranging from 82.9% to 86.2%) of case and control mothers reported any use of multivitamin or folic acid-containing supplements during the first trimester.
Exposure during the first trimester to any nitrosatable drugs varied slightly by cases and controls with 23.6% of the control mothers, 26.4% of the mothers with babies with limb deficiencies, and 25.3% of mothers with babies with either oral defect or heart malformations reporting use of these drugs. Nitrosatable amides were only slightly associated with the various phenotypes of oral clefts examined, with the strongest association noted between amides and cleft palate (adjusted OR [aOR] 1.27, 95% CI 1.00, 1.62) ( Table 2) . Mothers with babies with longitudinal limb deficiency or transverse limb deficiency were respectively 1.5 (95% CI 1.04, 2.04) and 1.4 (95% CI 1.07, 1.90) times more likely than control mothers to report taking nitrosatable secondary amines, and these associations persisted with restriction to isolated defects.
Prenatal use of nitrosatable amides and tertiary amines were associated with several types of congenital heart malformations in the study population (Table 3) . Heart malformations associated with tertiary amines included hypoplastic left heart syndrome (aOR 1.50, 95% CI 1.10, 2.04) (data not shown) and single ventricle, which includes double inlet left or double inlet right ventricles (aOR 1.61, 95% CI 1.06, 2.45). Mothers with babies with these same malformations were also more likely to take nitrosatable amide drugs than control mothers (aORs respectively, 1.49 [95% CI 1.02, 2.17] and 1.84 [95% CI 1.15, 2.95]) as were mothers with babies with left ventricular outflow tract obstruction (group that included hypoplastic left heart syndrome) (aOR 1.31, 95% CI 1.02, 1.69) and septal defects (aOR 1.24, 95% CI 1.04, 1.49). First trimester exposure to drugs classified as secondary amines was associated with atrioventricular septal defects (aOR 1.97, 95% CI 1.19, 3.26). A significant negative association was noted between tertiary amines and anomalous pulmonary venous return (aOR 0.42, 95% CI 0.21, 0.83).
With stratification by dietary nitrite and total nitrite, amides were most strongly associated with isolated cleft palate among births to mothers with the highest estimated intakes of nitrite (data not shown) and total nitrite (aORs respectively of 1.71 [95% CI 1.09, 2.68] and 1.57 [95% CI 1.01, 2.45]) (Table 4) , and significant additive interaction was noted between exposures to amides and nitrite (AP 0.43, 95% CI 0.12, 0.75) and total nitrite (AP 0.38, 95% CI 0.02, 0.73). Isolated cleft palate was associated with amide drugs across several indication/pharmacologic groups including antiemetics, anti-infectives, and stimulants (data not shown). Nitrite intake had minimal effects on the relation between amide drug exposure and other types of oral clefts.
In contrast, exposures to secondary and tertiary amines were most strongly associated with isolated longitudinal limb deficiencies in the lowest tertile of total nitrite intake, and the odds ratios in the highest tertile of intake were less than 1.00 (Table 5) . No consistent patterns were observed between exposure to these drugs and isolated transverse limb deficiencies by tertile of total nitrite intake.
Stronger associations between tertiary amine or amide drug exposures and several congenital heart malformations were also noted among study participants with higher intake of total nitrite (Table 6 ), most notably for those with babies with a single ventricle (significant additive interaction present between amide drug exposures and nitrite) and conotruncal heart defects (significant additive and multiplicative interaction both present for tertiary amine and amide drug exposures). Mothers of babies with conotruncal heart defects were more likely than control women to take several types of tertiary amine drugs including antiemetic antihistamines, antiepileptics, and anti-infectives, but the only nitrosatable amides associated with these defects to any appreciable degree were sulfonamide antiinfectives. Mothers of babies with single ventricle were more likely than control mothers to take antiemetic, anti-infective, and stimulant drugs classified as amides.
For atrioventricular septal defects, odds ratios in relation to secondary amine drug exposure for the first, second, and third tertiles of total nitrite intake were respectively 1.16 (95% CI 0.43, 3.13), 1.88 (95% CI 0.72, 4.92), and 3.30 (95% CI 1.44, 7.58). Asthma medications and decongestants classified as secondary amines were associated with these defects. Left ventricular outflow tract obstruction defects were the only group of heart defects examined in which the odds ratios associated with tertiary amine and amide exposures were highest among women with the lowest estimated intake of total nitrite.
DISCUSSION
In this large, population-based case-control study, first trimester exposure to nitrosatable drugs was associated with several types of congenital malformations including limb deficiencies and atrioventricular septal defects with secondary amines; cleft lip with cleft palate, hypoplastic left heart syndrome, and single ventricle with tertiary amines; and cleft palate alone, hypoplastic left heart syndrome, septal heart defects, and single ventricle with amides. Furthermore, among mothers with the highest estimated intake of total nitrite, case mothers of babies with conotruncal heart defects were more likely than control mothers to take drugs classified as either nitrosatable amides or tertiary amines. Higher nitrite intake also strengthened the associations between nitrosatable drugs and other congenital malformations, specifically atrioventricular defects with secondary amines and cleft palate and single ventricle with amides.
We know of only one other published study examining the risk of cardiovascular and musculoskeletal malformations in relation to prenatal exposure to nitrosatable drugs. In the National Collaborative Perinatal Project, women who took nitrosatable drugs during the first four months of pregnancy were 1.28 times more likely (95% CI 0.62, 2.64) to have infants with cardiovascular malformations and 1.33 times more likely (95% CI 1.05, 1.70) to have infants with musculoskeletal malformations (Olshan and Faustman, 1989) ; risk estimates for oral cleft malformations were not reported. Because of the small numbers of births with these outcomes, specific malformations within each of these broad classifications were not examined, nor was nitrosatable drug exposure categorized by functional group. In the present study, we noted an odds ratio of 1.07 (95% CI 0.99, 1.16) for any type of congenital heart malformation and an odds ratio of 1.34 (95% CI 1.09, 1.65) for any type of isolated limb deficiency in relation to any nitrosatable drug exposure during the first trimester. We found stronger associations between nitrosatable drug use and these birth defects when we examined functional groups of nitrosatable drugs (secondary and tertiary amines, amides) in relation to specific malformations, and some of these associations also appeared to be modified by dietary nitrite intake.
Within functional groups of nitrosatable drugs that showed stronger associations with birth defects among women with higher estimated dietary nitrite intake, a broad range of indications and pharmacologic classes were represented, supporting our hypothesis that the endogenous formation of N-nitroso compounds might increase risk for congenital malformations. However, risk estimates in relation to the specific drug indications and/or pharmacologic classes were often compatible with the null because of the small numbers of exposed women.
With respect to nitrosatable amides, several types of anti-infectives within this functional group were associated with cleft palate alone and several congenital heart malformations in the study population. In an earlier examination of the use of anti-infectives within the NBDPS population (EDDs of 1997 (EDDs of -2003 in which the exposure period was defined as one month before conception through the first trimester, mothers of babies with any type of oral cleft were twice as likely as control mothers (95% CI 0.6, 6.7) to take tetracycline antibiotics (Crider et al., 2009) . In a retrospective cohort study conducted in Tennessee (Cooper et al., 2009) , women who were prescribed doxycycline during the first four months of pregnancy were nearly three times more likely (relative risk [RR] 2.96, 95% CI 0.75, 11.67) to give birth to babies with oral cleft defects than women not prescribed antibiotics during this period, but this study had insufficient numbers of exposed mothers to examine risk specifically for cleft palate.
Clindamycin was the only macrolide anti-infective drug in this study that was classified as a nitrosatable amide (also classified as a tertiary amine) and was significantly associated with isolated cleft palate. Although several experimental studies with various animal models found no evidence of increased prevalence of cleft palate with maternal exposure to clindamycin (Gray et al., 1972; Bollert et al., 1974) , no published epidemiologic studies were identified that specifically examined risk of cleft palate in relation to prenatal exposure to this drug. Results from animal and human studies have indicated the teratogenic potential as being either "none" or "unlikely" for various beta lactam antibiotics (several of which were classified in this study as nitrosatable amides) (Nahum et al., 2006) . However, prenatal exposure to this group of antibiotics was associated with single ventricle heart defects in the NBDPS study population. In an earlier study with the NBDPS population, Crider et al. (2009) noted an elevated odds ratio for atrial septal defects (aOR 1.9, 95% CI 1.1, 3.2) with exposure to cephalosporins one month before conception through the end of the first trimester.
Single ventricle defects were also associated with NBDPS mothers' use of the cough suppressant dextromethorphan which was classified as a nitrosatable amide and tertiary amine. There has been considerable disagreement on whether this drug is a potential teratogen (Ferencz et al., 1997; Andaloro et al., 1998; Holmes, 1999; Xu et al., 2011) . Several studies found no association between prenatal use of this drug and major congenital malformations (Einarson et al., 2001; Martinez-Frias and Rodriguez-Pinilla, 2001 ), but these studies lacked sufficient sample sizes to examine associations with specific congenital heart malformations.
Drugs classified as secondary amines were associated with atrioventricular septal defects and specifically asthma (albuterol, epinephrine, and terbutaline) and decongestant (ephedrine and pseudoephedrine) medications within this nitrosatable functional group. Ephedrine, one of the secondary amine decongestants, has been linked to cardiac anomalies in animal studies (Nishikawa et al., 1985; Werler, 2006) , but empirical evidence from epidemiologic studies is lacking regarding the association of such drugs with cardiovascular malformations. In a retrospective cohort study, Kallen and Olausson (2007) found that women who reported the use of any type of anti-asthmatic drugs at the first maternal health care visit (usually week 10-12) were 1.3 times more likely (95% CI 1.00, 1.61) than women who did not report taking these drugs to give birth to babies with severe cardiac malformations. In a case-control study conducted in the UK, Tata et al. (2008) noted that asthmatic mothers of babies with circulatory system malformations were more likely than asthmatic control mothers to have taken one or more asthma medications during pregnancy (aOR 1.27, 95% CI 1.02, 1.58). Medications reported, however, included a wide-range of pharmacologic classes. In a case-control study of congenital heart defects in New York state (Lin et al., 2009 ), case-mothers were more likely than control mothers to use bronchodilators (OR 2.20, 95% CI 1.05, 4.61), a category in which over half (58%) of the drugs reported taken by the cases included one of the asthma medications classified as secondary amines in the present study.
One of the strengths of the present study was the large numbers of birth defect cases available for analysis, including samples sizes that were sufficient to allow analyses with isolated birth defects. For example, with secondary amine, tertiary amine, and amide drug exposures, we had 80% power to detect minimum detectable ORs of 1.4, 1.4, and 1.5 respectively for isolated cleft palate; ORs of 1.6, 1.6, and 1.7 respectively for isolated transverse limb deficiency; and ORs of 1.3, 1.3, and 1.4 respectively for isolated conotruncal heart defects. On the other hand, we could detect odds ratios only between 2.0 and 3.0 with 80% power for more rare defects such as isolated atrioventricular septal defect and Ebstein's anomaly.
This study had other limitations. Approximately one-third of the eligible control mothers and 24% to 31% of the eligible case mothers did not participate in the study. Participating control mothers, however, tended to be representative of their base populations with respect to age and smoking and differed only slightly by race/ethnicity and education (Cogswell et al., 2009) . Within the NBDPS, each participating study site attempts to capture 100% of eligible birth defect cases from their respective sources of ascertainment (e.g., live births, fetal deaths, and terminations [for most participating study sites]), although the representativeness of participating case mothers has not yet been reported.
We estimated dietary intake of nitrate and nitrite from a food frequency questionnaire that was subject to the participants' recall and also might not have captured all dietary sources of these food contaminants (Griesenbeck et al., 2010) . For the purposes of examining nitrite intake as a potential effect modifier of the relation between nitrosatable drug use and birth defects, such an approach was probably adequate in classifying dietary nitrite into high, intermediate, and low levels of intake. In the NBDPS, participants are questioned about frequency of foods eaten during the year before conception which might have resulted in some misclassification of foods consumed during the first trimester of pregnancy. On the other hand, this misclassification was most likely nondifferential with regards to outcome status because the same period of dietary assessment was used for all NBDPS participants. Furthermore, results from another study indicated that average consumption of vegetables and meat did not significantly differ by time as measured by consecutive seven-day dietary records before pregnancy, and in weeks 6, 10, 26, and 38 of pregnancy (Cuco et al., 2006) . Vegetables and meats are major sources respectively of nitrates and nitrites.
Although we used several extensive reviews of nitrosatable drugs (Brambilla and Martelli, 2007; McKean-Cowdin et al., 2003) as well as searched the more recent literature for additional reports of the nitrosatability of various drugs, exposures to some of these drugs may have been missed. Components of some of the drugs reported used might have not been tested for nitrosatability, and results of such tests might have not been published.
Another potential limitation of this study was the possibility of recall bias in which mothers of malformed offspring might have been more likely to recall drug exposures during the first trimester than mothers of non-malformed offspring. Some studies have found little evidence for differential recall for several classes of drugs that have nitrosatable products such as antibiotics (Werler et al., 1989; Feldman et al., 1989; Delgado-Rodriguez et al., 1995) ; antinauseants (Delgado-Rodriguez et al., 1995) and analgesics (Feldman et al., 1989) . Several methodologic features of the NBDPS and this study may have reduced recall bias. First, women were asked about medications by indication for use and were also prompted with lists of medications. This two level approach to assess drug use has been shown to be more accurate than either type of question alone (Mitchell et al., 1986) . Second, it is not common knowledge that preformed N-nitroso compounds and products of endogenous nitrosation are possible teratogens. Therefore, it is unlikely that differential reporting accuracy would occur with respect to drug nitrosatability. Furthermore, women were asked about use of medications during pregnancy, but the reported drugs were classified with respect to nitrosatability subsequent to the interviews. If recall bias accounted for the findings in this study, it would be expected that the odds ratios for the congenital malformations studied in relation to nitrosatable drug exposure would be elevated across all functional groups of drugs by tertiles of nitrite and total nitrite intake, a pattern that was not observed in this study. Finally, we examined nitrosatable drug exposure among study participants during the month prior to conception and excluded from such analyses women who took these drugs during the first trimester. We observed that most of the birth defects associated with nitrosatable drug exposure during the first trimester were not associated with exposure to such drugs taken during the month before conception (odds ratios close to 1.0 for most associations and all 95% confidence intervals compatible with the null), except for amide drugs and septal defects (AOR 1.79, 95% CI 1.18, 2.71) This study involved multiple analyses and many comparisons, especially with respect to drug exposures stratified by dietary nitrite intake. Although analyses of nitrosatable drugnitrite interactions were performed in accordance with a priori hypotheses, some of the significant findings might have been due to chance from multiple comparisons. In study analyses, 95% confidence intervals were determined for 60 associations between nitrosatable drug exposure and birth defects (45 for isolated and 15 for non-isolated birth defects). Three associations would be expected by chance alone. Ten statistically significant associations (AORs greater than 1.0 and 95% confidence intervals excluded the null) were observed including cleft lip with cleft palate defect with tertiary amines; longitudinal and transverse limb deficiencies (isolated and non-isolated) with secondary amines; atrioventricular septal defects with secondary amines; hypoplastic left heart syndrome with tertiary amines; and left ventricular outflow tract (including hypoplastic left heart syndrome), septal, and single ventricle heart defects with amides. To assess interaction between nitrosatable drug functional groups and total nitrite with birth defects, 24 statistical tests were conducted. Six statistically significant interactions were noted, while only one might have been expected by chance.
To our knowledge, this is the first study to examine the relation between prenatal exposure to functional groups of nitrosatable drugs (amides, secondary and tertiary amines) and specific phenotypes of limb deficiencies, oral cleft defects, and congenital heart malformations. Furthermore, we stratified nitrosatable drug exposure by dietary nitrite to examine whether higher intake of nitrite strengthened associations with nitrosatable drugs, a finding that would support the hypothesis that endogenous formation of nitrosamines/ nitrosamides may function as human teratogens. Several associations of nitrosatable drugs with cleft palate and with various heart defects were more pronounced with higher estimated intake of dietary nitrite, although this pattern was not present for other defects examined and even reversed for longitudinal limb deficiencies and hypoplastic left heart syndrome. Generally, epidemiologic studies of drugs and birth defects have focused on such exposures without consideration of concomitant exposures to environmental contaminants and the potential endogenous formation of teratogens. With nitrites and nitrosatable compounds, empirical data from at least one animal model demonstrated that nitrite and a nitrosatable compound only functioned as teratogens if given together (Teramoto et al., 1980) . Several findings in this study lend support that a similar phenomenon might operate in humans, and many comparisons are presented to inform future researchers on this topic. The associations detected between birth defects and prenatal exposure to nitrosatable drugs in conjunction with higher dietary intake of nitrite warrant further attention. Table 1 Selected Maternal Characteristics of Limb, Oral Cleft and Heart Defects Cases and Controls in the National Birth Defects Prevention Study, 1997 Study, -2005 Characteristics of participants Controls n= 6807 Limb deficiency defects n= 741 Oral cleft defects n=2774 Congenital heart defects n=8091
No. 
%
